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Abstract The nonlinear finite element method and serendipity eight nodes element are used for
determining ground surface settlement due to excavation of a tunnel. A modified generalized plasticity
model with a non-associated flow rule was applied for analysis of a tunnel in Sao Paulo, Brazil. A linear
element with elastic behavior was used for modeling the lining. A two story building with hinged
connections and X braces, on Tehran and Houston sand, was also studied for the process, with each
tunnel at different depths. Results showed an interaction between the tunnel and the building, which was
evaluated in the tunnel at a 2D depth. However, there is no interaction between the tunnel and the super
structure when it is at 3D depth. Also, the super structure increases the settlement due for excavation. The
predicted results showed good agreement with field data from the Sao Paulo tunnel. The predicted plastic
strain below the structure increases when the overburden is decreased. The settlement was almost zero
at the distance of 5D from the center of the tunnel. When the super structure is on the ground surface,
the settlement is induced between the center of the tunnel and 2.5D from the center of the tunnel; not
beyond this distance.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The construction of urban tunnels at shallowdepths requires
determination of soil settlement at the ground surface. Such
settlement may create unfavorable effects on buildings that
are constructed at ground surface and close to the center of a
tunnel. Factors such as nonlinear behavior of soil, stress history,
overburden depth and the diameter of a tunnel have a major
influence on the development of ground deformation. In the
last two decades, many researchers have tried to simulate the
tunneling process by using the finite element method. They
have used Mohr–Coulomb and von-Mises criteria for 2D or 3D
modeling [1–4]. Although such models are commonly used,
they may not provide sufficient generality in terms of stress
path dependency, nonlinearity, coupling of volumetric and
shear response, and strain softening. Often variousmodels have
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Open access under CC BY-NC-ND license.been used to determine settlements due to be tunneled in clay.
Stallebrass et al. [5] applied three surface kinematic hardening
constitutive models for soil behavior, and the procedure was
used to predict associatedmovementswith tunnel construction
in stiff clay. Karakus and Fowell [6] used a modified Cam-
Clay model to simulate London clay behavior and to consider
settlement due to the tunneling process. The finite element
methodwas used tomodel theNewAustrian TunnelingMethod
(NATM) in London clay by use of a Strain Dependent Modified
Cam–Clay model [7]. Mroueh and Shahrour [3] considered the
presence of structures during the construction of the tunnel
as an interaction between tunneling in soft soil and adjacent
structures. An elastic–perfectly plastic constitutive relation,
based on the Mohr–Coulomb criterion, with a non-associative
flow rule, was assumed.
In this paper, two procedures for simulation of excavation
in the tunneling process using the finite element method
are considered, and a generalized plasticity model with a
non-associated flow rule is implemented to analyze the sand
behavior. This model is able to simulate softening behavior,
cyclic loading and the prediction of settlements at the ground
surface due to tunneling excavation. Thus, interaction between
a tunnel and a building on sand is considered for tunnels at
different depths. In order to analyze the tunnel–soil-structure
system due for excavation, first, a nonlinear analysis of the
soil-structure system is implemented under applied loads on
the structure, the weight of soil and in situ stresses. Then, the
system is analyzed for the excavation process (this process is
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the load and weight of soil). Finally, predictions of the finite
element are compared with field data.
2. Modeling tunnel installation
The two main procedures for the numerical simulation of
excavations are conventional and general. The conventional
procedure was introduced by Clough and Woodward [8]. The
general method is based on the change of geometry of the
system due to the addition or removal of material [9].
The underlying cause of previously reported serious numer-
ical errors in conventional procedures for simulation of exca-
vation has been shown to be the inconsistent determination of
equivalent nodal forces from element boundary tractions. The
general method uses consistent equivalent nodal forces deter-
mined from loads and internal stresses, and is free from such
errors [9]. Therefore, in the present paper, the general method
is used for analysis of excavation processes.
3. Constitutive model
Prediction of ground movements within the soil mass
surrounding excavations is a major design issue, particularly
in densely populated urban areas. Numerical modeling is
used for evaluation of the behavior of excavation projects
in big metropolises. However, the accuracy of the numerical
modeling effort depends, to a large extent, on the adequacy of
the stress–strain-strength relationships used to represent the
behavior of the soil surrounding the excavation. Specifically,
the constitutive model should be able to capture the soil
behavior under stress paths typical to excavation projects. In
other words, the constitutive model must be able to predict the
behavior of soil in accordance with the history of stress in the
soil mass, and also cyclic loading, because the tunneling process
involves loading and unloading. Here, a modified generalized
plasticity model is used for the prediction of soil behavior.
A brief description of modified generalized plasticity is given
below.
4. Generalized plasticity theory
Zienkiewicz et al. [10] applied the bounding surface theory
as a generalized plasticity model for analysis of static and
transient soil loading. They used a critical state model and
a modified plastic modulus, which was obtained based on
the critical state model. They took the product of the plastic
modulus of the critical state model, and a nonlinear function of
distance between the current yield surface and the bounding
surface as a plastic modulus for the generalized plasticity
theory. The same method for the analysis of sand was used
[11]. Chen and Baladi [12] expressed the stress–strain relation
in terms of the hydrostatic and deviatoric components of
strain and stress; these relations can be used simply if the
components of the flow rule vector and plastic modulus are
defined. Liu and Ling [13] and Liu and Song [14] used some
modifications in the plastic modulus. Pastor et al. [15] proposed
a plastic modulus, components of the vector normal to yield,
and the potential surface dependent on the dilatancy of soil,
without using a special yield andpotential surface. They defined
components of the unit vector in the direction of volumetric
and shear deformation. Then, Akhaveissy et al. [16] proposed
reformulated relations as general and unit vectors normal to
yield, and the potential surface is determined from the yieldFigure 1: Schematic yield and potential surfaces [15].
and potential surfaces. Therefore, the increments of stress,
in terms of increment of strain, are calculated by use of the
classical plasticity theory. These reformulated relations are
called amodified generalized plasticitymodel. The yield (f ) and
potential surfaces (g) are as follows [16]:
f = q−Mf × p× (1+ 1/α)×

1−

p
pe
α
,
g = q−Mg × p× (1+ 1/α)×

1−

p
pg
α
. (1)
These surfaces are shown schematically in Figure 1, where M
can be used asMg andMf , which are as the slopes defining zero
dilatancy (Figure 1), andα is thematerial parameter. Also p = I1
and q = √3J2. pe and pg are means of initial normal stresses, I1
and J2 are the first invariant of the stress tensor and the second
invariant of the deviatoric stress tensor, respectively.
The unit vector normal to yield (f ) and potential surface (g)
can be defined as:
n =
∂ f
∂σ
∂ f
∂σ
: ∂ f
∂σ
1/2 , ngL = ∂g∂σ ∂g
∂σ
: ∂g
∂σ
1/2 . (2)
The derivatives in Eq. (2) can be written in as:
∂ f
∂σ
= C1 ∂ I1
∂σ
+ C2 ∂
√
J2
∂σ
+ C3 ∂ J3
∂σ
, (3)
where J3 is third invariant of the deviatoric stress tensor.Mf and
Mg depend on Lode angle [15], but in here, they are assumed as
a constant and therefore the derivative of the yield surface, with
respect to J3 and C3, is zero.
C1 = ∂ f
∂ I1
= (1+ α)

Mf
3
−
√
3J2
I1

,
C2 =
√
3. (4)
If Mg is substituted instead of Mf , coefficient C1 relates to the
potential surface. The increment of stress can be determined in
the finite element method as follows [15]:
dσ =

De − Deng .n
TDe
H + nTDeng

dε, (5)
where De is elastic constitutive matrix and H is for loading or
reloading:
H = H0pHf (Hv + Hs),
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
1− η
ηf
4
,
ηf =

1+ 1
α

Mf ,
Hv =

1− η
Mg

,
Hs = β0β1 exp(−β0ξ), (6)
where ξ is the accumulated deviatoric plastic strain, β0 and
β1 are material parameters, and the expression of H is for
unloading [15]:
HU = HU0

Mg
ηU
γU
, for
MgηU
 > 1,
HU = HU0, for
MgηU
 ≤ 1, (7)
where ηU is η for unloading, and HU0 and γU are material
parameters. Then, the increment of stress can be found by using
Eqs. (3)–(7). It must be noted that the sign of the volumetric
component of the vector perpendicular to the potential surface
was altered, in accordance with [15], as a constraint. However,
in the presentwork, in accordancewith Eqs. (3) and (4), the sign
of the vector is not changed as a constraint.
5. Numerical simulation of tunneling processes
For analysis of the tunnel–soil-structure system, a modified
generalized plasticity model is applied using the finite element
program in SSINA2-D [17] (Soil Structure Interaction Nonlinear
Analysis of Two Dimensional), which includes a number of
constitutive models. The program includes the Mohr–Coulomb
criterion, von-Mises, Tresca, Drucker–Prager and generalized
plasticity model. The predictions by both Mohr–Coulomb and
modified generalized plasticity models are compared with field
data and the results of analysis by PLAXIS 7.2 software with the
Mohr–Coulombmodel. The field data is related to the Sao Paulo
tunnel [18].
The following processes are implemented for consideration
of the problems in the present paper. In order to analyze theTable 1: Frictional angle and cohesion of soil.
Depth (m) E (kPa) ν c (kPa) φ K0 = 1− sinφ
6.5 135930 0.27 22.0 17.2 0.7
12.5 3021480 0.17 53.0 14.2 0.75
tunnel–soil-structure system due for excavation, first, internal
forces or stresses on the excavation boundary are determined
based on a nonlinear analysis of the soil-structure systemunder
applied loads on the structure, and the weight of soil and in situ
stress. At the next stage; excavation, the percentage of stresses
on the excavation boundary is released before installation of the
lining [3,18,19]. Therefore, a nonlinear analysis, as incremental,
is implemented to release stresses on the excavation boundary
at the excavation stage and before installation of lining. At the
final stage, analysis is continued for remaining stresseswith the
installation of lining. Therefore, lining is a tolerated remaining
stress.
5.1. Sao Paulo tunnel
The first modified Generalized Plasticity Model (GPM)
and the Mohr–Coulomb model are used to predict induced
settlement at the ground surface by shallow underground
excavation in the tunnel in the underground transit system in
Sao Paulo, Brazil [18]. Figure 2 shows the characteristics of the
tunnel.
The tunnel has a maximum height of 8.4 m and a maximum
width of 11.4 m (82 m2 net areas). The soil cover thickness
at the instrumented section was 7.6 m. The support system
consists of a 0.2 m-thick primary shotcrete and a 0.15 m-thick
secondary shotcrete. Conventional triaxial compression tests
were used to determine parameters of the model (details of
parameters are shown in Tables 1 and 2). Figures 3 and 4 show a
comparison between the predictions by the GPM and test data
at two depths; 6.5 m and 12.5 m, respectively. The correlations
are considered to be very good.
In Table 1 E is the elastic modulus, the cohesion and friction
angle of the soil are c and φ, respectively, and υ and K0 are
Poisson ratio and lateral earth pressure ratio, respectively.
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Calibrated parameters for samples at 6.5 m depth Calibrated parameters for samples at 12.5 m depth
Confining pressure
49 kPa
Confining pressure
98 kPa
Confining pressure
196 kPa
Confining pressure
98 kPa
Confining pressure
196 kPa
Confining pressure
294 kPa
E 135930 135930 135930 3021480 3021480 3021480
ν 0.27 0.27 0.27 0.17 0.17 0.17
Mf 1 1 1 1 1 1
Mg 1.4 1.2 1.1 1.3 1 0.95
H0 100 80 50 1300 1250 850
β0 0.2 0.2 0.2 0.2 0.2 0.2
β1 0.15 0.15 0.15 0.01 0.01 0.01
α 0.57 0.8 0.9 0.45 1.1 2
Hu0 2500 2500 2500 34000 34000 34000
γu 0.1 0.1 0.1 0.1 0.1 0.1Figure 3: Comparison predictions and laboratory data for samples at depth of
6.5 m. (a) Deviator stress curves; and (b) volumetric strain versus axial strain.
5.1.1. Finite element analysis
A 2D plane strain analysis of the tunnel was performed
using the SSINA2-D [17], using a plane strain idealization eight
node isoparametric element that is used to model soil, and
two node bar elements are used to simulate the lining of the
tunnel. In this study, twomodels, Mohr–Coulomb andmodified
generalized plasticity, are used. In accordance with Table 1,
lateral pressure coefficients equal to 0.7 and 0.75 are used
for calculation of in situ stresses. The finite element mesh is
given in Figure 5 and the mesh consists of 108 eight node
isoparametric elements and 18 two node bar elements for
lining. The lining was installed after 81% release of stress by the
Lade model in [18]. In the present study, the lining is installed
after 75% release of stress for analysis using the modified
generalized plasticity model, and 37.5% release of stress by
the Mohr–Coulomb model. Results of analysis by PLAXIS 7.2,
using the Mohr–Coulomb model, are compared with results of
the modified generalized plasticity, Mohr–Coulomb, observedFigure 4: Comparison predictions and laboratory data for samples at depth of
12.5 m. (a) Deviator stress curves; and (b) volumetric strain versus axial strain.
results and results of the Lade model [18]. Numerical modeling
of the tunneling process in PLAXIS is implemented for to-
be-added lining elements and to-be-removed soil elements.
Therefore, deactivation of soil elements and activation of
lining elements are applied in accordance with the excavation
method, for example, the NATM (New Austrian Tunneling
Method) method. In other words, the process of the activation
and deactivation of elements is implemented in a number
of sequences. For example, if the process of excavation is
applied with one sequence, less settlement at ground surface is
obtained than observed settlements because elements of lining
are added, and then elements of soil are removed. Therefore,
the releasing of stresses is not implemented due to excavation
and the stresses attracted by lining. Hence, less displacement
is obtained than those observed. Therefore, an increase of
sequences is useful for better predictions. In accordance with
Figure 2, three sequences (phases 1, 2 and 3) are used for
analysis of the Sao Paulo tunnel by PLAXIS. Then, in order to
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Figure 6: Different stages by PLAXIS.
Figure 7: Comparisons of predicted surface settlement profile and observed
results.
increase accuracy, 12 sequences (Figure 6) are implemented
by PLAXIS. Figure 7 shows the obtained results of different
analyses.
The settlement at ground surface by PLAXIS with 3
sequences and the Mohr–Coulomb criterion is less than fielddata (Figure 7). It expresses that lining tolerates total stresses on
the excavation boundary. Therefore, lining is designed for more
internal forces. Predictions by the Mohr–Coulomb criterion in
the written program for the present work (Figure 7) and the
same criterion in PAXIS 7.2with 12 sequences are in accordance
with each other. Figure 7 shows induced settlement at the
ground surface due to tunneling by the Mohr–Coulomb model
at a distance between the center of the tunnel, 9 m of which is
more than the induced settlement beyond this distance, while
the induced distance by themodified generalized plasticity and
Lade model [18] is about 16.5 m. This subject is predictable
becauseMohr–Coulomb is an elastic–perfectly plastic criterion.
In other words, there is no plastic strain before reaching
the stress state to yield stress. After that, plastic strain and
displacement are increased rapidly. Then, the lining may be
used to limit settlement. Therefore, lining must tolerate more
internal forces. On the other hand, Figure 7 shows that if the
analysis is implemented by using the Mohr–coulomb criterion,
constructed buildings, farther away than the others, in respect
to the center of the tunnel, are induced less. Figure 7 shows
good agreement between obtained results of the modified
generalized plasticity model, field data and the Lade model.
It is noticeable that a total of 16 parameters are required to
model the behavior of soil by the Lade model [18], but in the
presentwork, a total of 10 parameters are required tomodel the
behavior of soil using themodified generalized plasticitymodel.
5.2. Tunnel–soil-structure interaction
Interaction between the tunnel and the super structure is
evaluated in this section. The soil material is typical of Tehran
and Houston sand. A modified generalized plasticity model is
used for the behavior of sand. The parameters of the model are
calibrated based on conventional triaxial compression tests on
Tehran and Houston sand for different confining pressures. The
steel building is two stories with hinge connections. The lateral
stability of the building is provided by X braces. The columns
are supposed to be connected by strip footing, whosewidth and
thickness are 100 cm and 60 cm, respectively. Uniform loading
at the stories level is supposed as 2.4 ton/m (24 kg/cm). The
tunnel is 8 m in diameter (D). Tunnel–soil-structure interaction
is evaluated for two excavation cases, whose tunnel center is
at 2D and 3D depth. The settlement at ground surface, in the
absence of a super structure and green field, due to excavation,
is also determined. Figure 8 shows characteristics of the system
for a tunnel at 2D depth.
The building is designed in accordance with the Iranian
earthquake code. The cross section of beams and columns
is 2 IPE14 and the cross section of the brace is 2 L 8*0.8.
In order to analyze the tunnel–soil-structure system due for
excavation, parameters for the modified generalized plasticity
model are determined, then the soil-structure system under
loads on the structure, the weight of soil and the in situ
stresses are analyzed. At the next step, unbalanced forces
due to the tunneling process are obtained using the general
method for excavation. Finally, analysis for the tunnel–soil-
structure system due for excavation is implemented. Calibrated
parameters for the modified generalized plasticity model are
expressed in Table 3. Figure 9 shows a comparison between
results of the models and laboratory data for various confining
pressures at the element level.
The obtained settlement curves at the ground surface for
different analyses of the Tunnel–Soil-Structure Interaction
(TSSI) and the green field are compared in Figure 10.
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E (kg/cm2) ν Mf Mg H0 β0 β1 α Hu γu
850 0.35 0.7 0.95 80 3.6 0.12 0.13 220 0.1Figure 8: (a) Tunnel–soil-structure system. (b) Detail of frame and foundation.
Figure 9: Comparison of back prediction and CTC for Tehran sand. (a)
Stress–strain curve; and (b) volumetric strain curve for confining pressure
3 kg/cm2 .
Figure 10 shows that settlements at the ground surface
increase with a decrease in overburden depth. Comparison
between the green field and tunnel–soil-structure system forFigure 10: Settlement due to tunneling process at different depths for
Tunnel–Soil-Structure Interaction (TSSI) and green field.
Figure 11: Total strain in x direction only due to excavation for (a) tunnel at 3D
depth and (b) tunnel at 2D depth (scale: 1/100).
a tunnel at 2D depth shows the settlement increase due
to tunneling, and also the effect of building on an induced
settlement due for excavation decreases for further distances
than at the center of the tunnel. The effect of overburden is
shown in the following figures. Figure 11 shows a variation of
total strain (summation of elastic and plastic strains) in the x
direction only due to the tunneling process at different depths.
Obviously, expansion of strain in the x direction due to
excavation at different depths is clear. For instance, the shown
vector in Figure 11 expresses expansion of the strain level equal
to 0.0005 when the tunneling process is implemented at a 3D
depth (Figure 11a), and 2D depth (Figure 11b). Distribution
of plastic strain in a y direction only due to excavation for a
tunnel–soil-structure system is compared in Figure 12, while
the tunnel is at different depths.
The vector shown in Figure 12 for plastic strain in the y
direction expresses expansion of the plastic-strain level equal
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E (kPa) ν Mf Mg H0 β0 β1 α Hu γu
229,000 0.37 0.8 0.88 2800 2.55 0.4 0.57 125,000 0.005Figure 12: Plastic strain in y direction for (a) tunnel at 3D depth and (b) tunnel
at 2D depth (scale: 1/100).
Figure 13: Total shear strain for (a) tunnel at 3D depth, and (b) tunnel at 2D
depth (scale: 1/100).
to −0.002 for a tunnel at a depth of 3D to 2D, only due
to the tunneling process. Obviously, interaction between the
tunnel and the building is clear for the center of the tunnel
at 2D depth. It may be said that there is no interaction
between the tunnel and the structure while the center of the
tunnel is at 3D because the area between the tunnel and the
building is completely in tension due to the tunneling process,
while some of the area is in compression when excavation is
implemented at 2D depth. Figure 12 shows a variation of total
shear strain (summation of elastic and plastic strain) only due
to the tunneling process. Expansion of induced shear strain due
to excavation for a tunnel–soil-structure system is decreased
when the overburden depth of the tunnel is increased. It is clear
for 0.001 level of shear strain in Figure 13 by a vector. The shear
strain level of 0.0005 is connected to the ground surface for aFigure 14: Settlement due to tunneling process at different depth for
Tunnel–Soil-Structure Interaction (TSSI) and green field analysis for Houston
sand.
tunnel at 2D depth, rather than a tunnel at 3D depth. Therefore,
it may be said that there is no interaction between the tunnel
and the building while the tunnel is at 3D depth.
5.3. Tunnel–soil-structure interaction for Houston sand
Interaction between the tunnel and the constructed building
at the ground surface in previous sections is evaluated for
Houston sand. The parameters of the modified generalized
plasticitymodel in Table 4 are calibrated based on conventional
triaxial compression tests on Houston sand [16].
Obtained settlement curves at the ground surface for
different analyses of Tunnel–Soil-Structure Interaction (TSSI)
and a green field are compared in Figure 14.
Figure 14 shows the settlement at the ground surface due
to excavation. The settlement is increased with a decrease in
the overburden. A comparison between green field analysis and
a tunnel–soil-structure system for a tunnel at 2D depth shows
that the settlement increases due to tunneling. Also, the effect of
building on an induced settlement due for excavation decreases
for further distances than the center of the tunnel. The effect of
tunnel depth on the tunnel surround is shown in the following
figures. Figure 15 shows a variation of shear strain only due to
the tunneling process at different depths.
Figure 15 shows a variation of total shear strain only due to
the tunneling process. Expansion of induced shear strain due
to excavation for a tunnel–soil-structure system is decreased
when the overburden depth of the tunnel is increased. It is clear
for a 0.0005 level of shear strain in Figure 15 by a vector. The
shear strain level of 0.0002 is connected to the ground surface
for a tunnel at 2D depth, rather than a tunnel at 3D depth.
Therefore, it may be said there is no interaction between the
tunnel and the building while the tunnel is at 3D depth.
6. Conclusion
A nonlinear finite element method was used for the
tunneling process. A modified generalized plasticity model
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and (b) tunnel at 2D depth.
with non-associated flow rule was accepted for the analysis.
A serendipity eight node element was used in the analysis.
Obtained results for a case study of the Sao Paulo tunnel in
Brazil were compared with field data. The predictions from the
modified generalized plasticity model show good agreement
with field data, while obtained results by the Mohr–Coulomb
model show less settlement due to excavation. A two story
building on Tehran sand and Houston sand was studied for
the tunneling process while the tunnel is at different depths.
Obtained results by the modified generalized plasticity model
show interaction between the tunnel and the building for a
tunnel at 2D depth. It may be said that there is no interaction
for the tunnel at 3D depth. Also, induced settlement at ground
surface due to the tunneling process is increased when the
super structure is on the ground surface. The settlement is
almost zero at a distance of 5D from the center of the tunnel.
Also the settlement is not induced for a further distance of 2.5D
from the center of the tunnel when the super structure is on the
ground surface. The lining of the tunnel is designed for a more
internal force when the analysis is implemented by the use of
the Mohr–Coulomb criterion.
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